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ABSTRACT 
 
 
Computer-assisted design (CAD) and computer-assisted manufacturing (CAM) 
have been gaining widespread acceptance and use in implant dentistry. Due to rapidly 
accelerated growth, few digital workflows utilizing CAD/CAM technology for implant 
restoration fabrication have been evaluated.  The aim of this study was to evaluate 
marginal and internal adaptation of an implant abutment and crown using three digital 
workflows. The first workflow, the more traditional interrupted digital workflow which 
includes a re-scan of the final abutment, was compared to two full digital workflows, using 
the 3Shape split-file and Atlantis core-file.  
Group 1, “Interrupted Digital Atlantis Workflow”, represented the most utilized 
customary workflow, which included a customized Atlantis abutment that was designed 
and received, and then re-scanned for final crown design. Group 2, “Full Digital Atlantis 
Workflow”, included a customized Atlantis abutment and it’s corresponding .STL, the 
Atlantis Core File, which was immediately imported into design software and used for 
crown design and milling. Group 3, “Full Digital Split-File Workflow”, utilized 3Shape’s 
full digital workflow for abutment and crown design called the split-file workflow. All 
crowns for the study were zirconia milled with a 5-axis mill.  
Marginal opening, marginal gap and internal fit were evaluated for all three groups 
using two forms of measurement, first by sectioning the specimens and evaluating them 
with aScanning Electron Microscope (SEM). Secondly by a silicone replica technique and 
Geomagic software. Group results were compared while concurrently validating the 
Geomagic measuring protocol as outlined within the study.  
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A Kruskal-Wallis test was administered followed by post-hoc Mann-Whitney tests 
with Bonferroni correction of p<0.017, adjusting for multiple comparisons. A statistically 
significant difference was found for SEM marginal opening Group 3 Full Digital Split-
File (0.002), showing a significantly larger marginal gap compared to both Groups 1 and 
2. SEM marginal gap Group 2 Full Digital Atlantis was statistically smaller (0.002) than 
both Groups 1 and 3. Similar to SEM marginal gap measurement comparisons, Geomagic 
marginal gap comparisons indicated Group 2 Full Digital Atlantis was statistically smaller 
from Group 1 (0.004) and Group 3 (0.006). Geomagic internal fit comparisons indicated 
Group 3 was statistically larger (0.006) than both Groups 1 and 2. Geomagic validation 
was completed with two separate paired t-test evaluations, both indicating no significant 
differences between SEM measurements and Geomagic, concluding Geomagic measuring 
protocol herein to be a valid means of measurement.  
The observed results yield multiple conclusions. All three workflows evaluated 
showed clinically acceptable results. SEM evaluation of marginal opening revealed the 
two Atlantis Groups 1 and 2 to have smaller openings than Group 3 Split-file. SEM and 
Geomagic marginal gap evaluation revealed the Group 2 Full Digital Atlantis group to 
have the smallest gap. Geomagic internal fit evaluation revealed a smaller internal fit for 
Group 3 Splitfile. In addition, statistical results of SEM and Silicone-Replica Geomagic 
measuring technique revealed the Geomagic measuring protocol to be a valid form of 
measurement. 
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1. INTRODUCTION AND LITERATURE REVIEW 
Computer-assisted design (CAD) and computer-assisted manufacturing (CAM) 
has grown in widespread acceptance and use in implant dentistry. Continuous 
improvements in CAD/CAM technology accuracy has challenged conventional 
techniques for prostheses and abutment fabrication.1-4 In a recent systematic review Kapos 
and Evans1 concluded that implant abutment and crown CAD/CAM technology is able to 
provide results that are comparable to that of conventional techniques in terms of implant 
survival, prosthesis survival, technical and biological complications. In addition, digital 
workflows can be more time-efficient, reducing clinical chair time and laboratory 
manufacturing steps.5 
There are several workflow approaches for implant-supported restoration 
fabrication. We are no longer bound to a pure analog methodology. With the advent of 
CAD/CAM, one has the option to attempt a full digital approach to fabrication, or to 
integrate advantages of both old and new ways to accomplish ideal results. The path 
chosen is likely to vary on a case-by-case basis. Workflows will vary based on open versus 
closed architectures, available software and equipment, and the proprietary nature of 
implant parts and components. Among other factors to consider are patient time spent in 
the chair, chair-side time for the dentist, and which approach will yield the most 
predictable and esthetic outcome.  
As full digital workflow technology is still relatively new and precision often 
questioned, intermediate steps are sometimes taken to insure accuracy. An interjected step 
into a digital workflow often occurs upon receiving a custom designed and milled 
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abutment. Once received, the abutment is checked for accuracy with an intra-oral try-in, 
or by inserting the abutment in the patient’s cast. The abutment is then scanned for 
CAD/CAM crown fabrication. The try-in and re-scan step taken outside of the digital 
workflow takes additional time for the clinician and patient, introduces additional cost, 
and potentially creates a deleterious effect on peri-implant tissue. 
The soft tissue response around implant-supported restorations is affected by many 
variables.6 A generally accepted hypothesis is that repeated disconnection or mechanical 
disruption of implant components around peri-implant tissue has detrimental effects, 
including the possibility of apical migration of bone and soft tissue.6-9 Therefore clinicians 
should mitigate disconnection effects by decreasing the frequency of mechanical 
disruption of the peri-implant soft tissue. If desired soft tissue morphology is acquired in 
the final impression, one could fabricate the custom abutment and the final crown 
simultaneously, removing the step of trying in the custom abutment, thereby sparing the 
peri-implant tissue of an additional mechanical disruption.   
There are multiple ways to shape peri-implant tissue to create proper emergence 
for the final crown. Initially, an anatomical healing abutment can be attached immediately 
after implant placement or after uncovering the implant at a second stage surgery. Once 
an implant is integrated and the cover screw or healing abutment has been removed, one 
can choose to shape the peri-implant tissue with a final custom abutment and provisional, 
or with a provisional and a temporary cylinder. The use of a temporary cylinder and 
provisional to shape peri-implant tissue, particularly in the esthetic zone, is well 
documented in the literature. Once the tissue is shaped, one can then utilize any of the 
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several ways to replicate desired soft tissue morphology and emergence profile when 
taking a final impression for implant-abutment and crown fabrication.10, 11  Papadopoulos 
et al11 have illustrated four ways to transfer the emergence profile from the provisional to 
the final restoration. Perhaps the most utilized is the modification of the impression post 
by adding resin extra-orally. One could utilize this technique to acquire ideal peri-implant 
morphology into their impression and master cast. Once this cast has been fabricated, the 
clinician could transfer to a full digital workflow for the remainder of the abutment and 
crown fabrication process (Figure 1).  
 
 
 
Current CAD/CAM technology allows clinicians to fully customize abutments to 
match clinical situations.1, 4, 12 A scan body is inserted intra-orally or into the patient’s 
master cast and an intra-oral scanner or lab scanner is used to transfer the implant location 
within the dental arch to design software. Some dental software programs permit operators 
the option to design an abutment and immediately proceed to crown design and 
fabrication. An abutment can be designed, and an .STL (Standard Tesselation Language) 
file of that abutment can be used to design a crown.  
FIGURE 1:  CUSTOM IMPRESSION COPING TRANSFER WITH DIGITAL 
WORKFLOW 
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Customized titanium Atlantis (Dentsply, Molndal, Sweden) abutments have been 
shown to be clinically acceptable.13 When ordering an Atlantis abutment, an initial design 
is created based on prescription selections. Once completed this digital design can be 
viewed and altered through an editor on the Atlantis web interface. Upon ordering, there 
is an option to receive an .STL of the designed abutment. The Atlantis .STL, called an 
Atlantis Core File, is a digital representation of the outer surface of the abutment and its 
surrounding that enables the design of the coping and final restoration even before 
receiving the physical Atlantis abutment order.14 The Core File can be imported into 
design software and used to proceed with crown design and milling. The customized 
Atlantis abutment and milled crown can then be delivered to the patient in one 
appointment.  
In some cases, zirconia abutments offer a good alternative to titanium abutments. 
Yttria-stabilized tetragonal zirconia is a common material used for various dental 
applications including fixed dental prostheses, crowns and implant abutments.15-19 
Zirconia is considered to be more biocompatible than titanium, other metal alloys and 
ceramics, and therefore may result in a superior peri-implant soft tissue response.17, 19-23 
In addition, zirconia can be an advantage due to its’ toughness and esthetic advantages 
over other materials.24-27 Two-piece abutments with a titanium base cemented into a 
zirconia abutment have been shown to be more successful than one-piece zirconia 
abutments.28 These offer a more reliable alternative to one-piece zirconia abutments in 
esthetically demanding cases where zirconia is preferred over titanium.  
Research has shown all-ceramic CAD/CAM restorations provide superior color 
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matching and clinically acceptable outcomes.1 It has been shown that better fit can be 
achieved with CAD/CAM zirconia compared to conventional metal-ceramic fabrication.29 
After design, CAD/CAM abutments and crowns can be milled by outside lab milling units 
or in-office milling units. There is a wide array of milling units now available based on 
what materials they mill, as well as their complexity and accuracy. Some milling units 
have been shown to provide greater accuracy than others. Bosch et al30 evaluated 5-axial 
and 4-axial milling units, and found that the 5-axial milling unit they evaluated produced 
restorations with fewer deviations from their digital designs than 4-axial milling units. The 
Atlantis mill is an example of a 5-axis mill. Another example of a 5-axis mill is the 
Zirkonzahn (Zirkonzahn GmbH, Bruneck, Italy) M1 milling unit, a 5+1 axes simultaneous 
milling unit with 1 milling spindle. The M1 can mill several materials, including yttria-
stabilized tetragonal zirconia, which can be used for both abutment and crown material. 
Lins et al31 studied three different milling units for the fit of zirconia copings on anatomical 
titanium abutments, and found all three to have acceptable marginal fit. Ha and Cho32 
discovered monolithic zirconia crowns and porcelain-fused zirconia coping crowns 
manufactured with Zirkonzahn systems are acceptable for clinical settings. Sheridan et 
al33 found acceptable fit of zirconia crowns to zirconia abutments, both fabricated from a 
full digital split-file workflow.  
 With the advent of two-piece titanium-base abutments, the customized portion of 
the abutment can be milled in-office from zirconia. The same milling unit can be used to 
mill zirconia crowns. This presents the potential for an in-office full digital workflow. 
3Shape (3Shape Dental System, 2016, Denmark) software offers the split-file workflow 
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which facilitates abutment and crown design simultaneously from one initial scan of the 
implant location.33-35 The crown and abutment can then be milled, and without try-in or 
re-scan be delivered to the patient in a single visit. Sheridan et al33 evaluated the split-file 
workflow against several more conventional interrupted workflows, and found that after 
adjustments, the complete digital workflow produced clinically acceptable results.  
Inadequate fit and adaptation of crowns to their abutments can lead to mechanical 
complications such as marginal chipping or veneering fracture, which could later lead to 
clinical failure.36, 37 Excessive cement space has been shown to influence failure of the 
veneering porcelain.37 An open margin could serve as a bacterial nidus, leading to gingival 
inflammation.38-40 In addition, open margins can be a disadvantage as they may lead to 
disintegration of the cement layer.40, 41  
There are several methods to measure marginal gap. Holmes et al42 first described 
internal and marginal gap measurements and Sorensen43 described several other methods. 
Many studies have defined their marginal gap measurements by just the vertical, or 
vertical and horizontal measurement between the restoration and the die at the marginal 
opening32, 42, 44, 45. Groten et al46 determined that a minimum of fifty measurements are 
required to determine marginal gap. With the advent of digital measuring procedures, we 
have the capabilities of measuring at several locations, including three-dimensional 
measurements as opposed to two-dimensional measurements traditionally reported in the 
literature.  Digital measuring procedures have been used to measure marginal gap by 
evaluating the fit of the crown to the die over the entire surface of the die or abutment 
margin.47, 48 The entire internal fit has also been calculated with digital measuring 
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techniques.2, 49-52 Various studies have indicated a suggested marginal gap of 120 µm or 
less is required for high probability of clinical success for ceramic restorations.53, 54 
However, there is no consensus on acceptable marginal opening for all ceramic crowns on 
implant abutments. Martinez-Rus et al55 used 120µm as the acceptable marginal opening 
for ceramic crowns on abutments based on findings in previous studies.54  
 The purpose of this study was to evaluate two full digital workflows by measuring 
internal fit, marginal gap and marginal opening of a CAD/CAM crown and abutment 
designed from one initial scan, compared to the more customary interrupted workflow that 
includes a secondary scan of the custom abutment prior to final crown design and 
fabrication. For the purposes of this study the crown adaptation to the abutment was 
evaluated with three different measurements.  First, internal fit of the entire crown intaglio  
was evaluated with engineering software, and one final average measurement was 
recorded. Second, the entire preparation margin was evaluated with engineering software 
and one average marginal gap was recorded (Figure 2). In addition, measurements were 
acquired with Scanning Electron Microscrope (SEM) along the preparation margin of the 
abutment and were averaged to find an average marginal gap. Third, vertical 
measurements from the crown intaglio to abutment surface at the outer most aspect of the 
margin were taken on each specimen with SEM, and averaged to find an average marginal 
opening (Figure 3). Engineering software was used to evaluate internal fit and marginal 
gap, and Scanning Electron Microscopy (SEM) was used for marginal gap, marginal 
opening, and software validation. Recorded marginal gap measurements were then 
compared to the standard 120µm to determine clinical acceptability and relevance. The 
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null hypothesis was there would be no difference in internal fit, marginal gap and marginal 
opening between the three groups.    
  
FIGURE 2: MARGINAL GAP 
FIGURE 3: MARGINAL OPENING 
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2. MATERIALS AND METHODS 
 Three different workflows were designed and compared. Group 1, “Interrupted 
Digital Atlantis Workflow”, represented the most utilized customary workflow, which 
included a customized Atlantis abutment that was designed and received, and then re-
scanned for final crown design. Group 2, “Full Digital Atlantis Workflow”, included a 
customized Atlantis abutment and it’s corresponding .STL, the Atlantis Core File, which 
was immediately imported into design software and used for crown design and milling. 
Group 3, “Full Digital Split-File Workflow”, utilized 3Shape’s full digital workflow for 
abutment and crown design called the split-file workflow. This included a titanium-base 
zirconia abutment and zirconia crown that was designed concurrently and then milled 
simultaneously. Titanium-base zirconia abutments were composed of titanium bases 
provided by Biodenta (Biodenta Hybrid Ti-Base, Switzerland) and zirconia abutments 
milled with a 5-axis mill (Zirkonzahn M1, GmbH, Bruneck, Italy), from zirconia blocks 
(Zirkonzahn Translucent, GmbH, Bruneck, Italy). Atlantis titanium abutments were 
milled by Atlantis with their 5-axis mill. 
 All crowns were designed using 3Shape’s default settings for Zirconia copings with 
the following settings: “0.025mm” cement gap and an “0.040mm” extra cement gap with 
“1.00mm” distance to margin line. The crown thickness was greater than 1 mm. Margins 
were milled with extra horizontal width per default settings of the software to mitigate risk 
of chipping during the milling process. All crowns were milled with a 5-axis mill 
(Zirkonzahn M1), using green-stage zirconia (Prettau, Zirkonzahn GmbH), then sintered 
according to manufacturer specifications.  
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2.1 Definitive Cast Fabrication 
 A single definitive cast was fabricated with an implant analog in tooth number five 
position from a final impression with a custom impression post with desired emergence 
profile of the soft tissue (Figure 4). Astra Tech EV (Dentsply, Molndal, Sweden) conical 
4.2x11 implant and its’ corresponding analog were used. Scans were acquired with a lab 
scanner (3Shape D900, 3Shape, Denmark). Precision of the D900 is 8 microns.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 4: PATIENT MODEL CAST WITH CUSTOM IMPRESSION POST 
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2.2 Abutment and Crown Fabrication  
2.2.1 Group 1 –Interrupted Digital Atlantis Workflow 
 
 For Group 1, the digital workflow of fabrication and acquisition of a CAD/CAM 
custom abutment and crown was interrupted by scanning the abutment once received from 
Atlantis (Figure 5).   
 
An implant scan body (Atlantis, Dentsply, Molndal, Sweden) was secured into the 
definitive cast implant analog and digitized with the lab scanner (Figures 6-9).  
 
 
 
 
 
 
 
 
FIGURE 6: ATLANTIS SCAN BODY 
FIGURE 5: GROUP 1, INTERRUPTED DIGITAL ATLANTIS WORKFLOW 
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FIGURE 7: DEFINITIVE CAST WITH ATLANTIS SCAN BODY 
FIGURE 8: DEFINITIVE CAST WITH ATLANTIS SCAN BODY IN LAB SCANNER 
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An .STL of the cast was sent to Atlantis for custom abutment fabrication. The abutment 
was designed and customized through the Atlantis web interface editor, and fourteen 
abutments of the single design were requested (Figure 10,11).  
 
 
 
 
 
 
 
 
FIGURE 9: DIGITIZED DEFINITIVE CAST WITH ATLANTIS SCAN BODY 
FIGURE 10: ATLANTIS WEB EDITOR 
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Half (seven) of the requested abutments were used for Group 1, and the other half (seven) 
were used for Group 2. Once the seven abutments for Group 1 were received, they were 
placed in the definitive cast, and individually re-scanned for crown design and fabrication 
(Figure 12,13). One zirconia crown with a facial cutback was designed for each of the 
seven abutments, then sent for milling (Figure 14,15).  
 
 
 
 
FIGURE 11: ATLANTIS ABUTMENT 
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FIGURE 12: ATLANTIS ABUTMENT IN DEFINITIVE CAST 
FIGURE 13: ATLANTIS ABUTMENT IN DEFINITIVE CAST IN LAB SCANNER 
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FIGURE 14: GROUP 1, DIGITAL CROWN DESIGN WITH ABUTMENT VISUALIZATION 
FIGURE 15: GROUP 1, DIGITAL CROWN DESIGN 
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2.2.2 Group 2 – Full Digital Atlantis Workflow 
 
 Group 2 was carried out with custom abutment and crown fabrication using a full 
digital workflow (Figure 16). As previously described, after scanning the cast and implant 
scan body, the .STL of the implant in the definitive cast was sent to Atlantis for custom 
abutment fabrication. The abutment was customized through the web interface and 
fourteen abutments of the single design were requested (Figure 10). Once the abutment 
design had been finalized, the Atlantis Core File, an .STL of the customized Atlantis 
abutment was imported into 3Shape design software, allowing for immediate crown 
design (Figure 17). A custom zirconia crown was then designed (Figure 18). Once design 
was complete, the exported crown STL was sent to the milling unit and seven zirconia 
crowns were milled from the single STL design, before the final seven abutments had 
physically been received from Atlantis. 
 
 
 
FIGURE 16: GROUP'S 2 AND 3 FULL DIGITAL WORKFLOW 
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FIGURE 17: GROUP 2 ATLANTIS CORE FILE ABUTMENT IMPORTED INTO 
 3SHAPE DESIGN SOFTWARE 
FIGURE 18: GROUP 2 DIGITAL CROWN DESIGN 
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2.2.3 Group 3 – Full Digital Split-File Workflow 
 
 Group 3 also used a full digital workflow for custom abutment and crown fabrication 
(Figure 16). For Group 3, a Biodenta scan body was placed in the definitive cast and 
scanned using 3Shape D900 (Figure 19,20,21).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
FIGURE 19: BIODENTA SCAN BODY 
FIGURE 20: BIODENTA SCAN BODY IN DEFINITIVE CAST 
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3Shape’s Split-File work-flow was utilized, in which the zirconia abutment and crown 
were designed consecutively from the single scan (Figure 22,23,24).34 Once designed the 
zirconia abutment and zirconia crown were exported as STL’s and sent to the milling unit. 
From the single STL files, seven zirconia abutments and crowns were milled (Figure 
25,26).   
 
 
 
 
 
 
FIGURE 21: GROUP 3 DEFINITIVE CAST WITH SCAN BODY IN LAB SCANNER 
FIGURE 22: GROUP 3 DIGITAL ABUTMENT DESIGN 
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FIGURE 23: GROUP 3 DIGITAL CROWN DESIGN WITH ABUTMENT VISUALIZATION 
FIGURE 24: GROUP 3 DIGITAL CROWN DESIGN 
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FIGURE 25: GROUP 3 TITANIUM-BASE ZIRCONIA ABUTMENT 
FIGURE 26: GROUP 3 ZIRCONIA CROWN 
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2.3 Abutment and Crown Preparation for Measurement 
 Two forms of measurement were used for the purposes of this study. Specimens 
were first prepped and analyzed with Geomagic (Geomagic Control 2015; 3D Systems) 
software using a new modified technique. Geomagic software allowed for three-
dimensional measurements of internal fit and marginal gap with thousands of measuring 
points per specimen. Next, crowns were cemented, embedded and sectioned, and 
measured with a Scanning Electron Microscope (SEM) for two-dimensional 
measurements at twelve standardized locations per specimen. 
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2.4 Geomagic Measurements 
Engineering software has been used for several purposes within the dental literature.2, 
47, 48, 50-52, 56-60 Stephan Holst used engineering software to develop the triple scan protocol 
to be used to digitally measure and evaluate internal fit and marginal gap.48, 52 Another 
form of measurement of internal fit and marginal gap is the silicone replica technique, 
which has been validated in the literature.61-67 For this technique, polyvinyl siloxane (PVS) 
impression material is used to replicate the internal space between a die and crown, and 
then evaluated to assess internal fit and marginal gap.  
A digital measuring technique has been established with a PVS replica of the internal 
space, whereby a die is first scanned, then the same die with a silicone replica fixated on 
the die is scanned, and the two scans are digitally over-layed and then used to measure 
internal fit.2, 50, 51, 58, 59 In a similar technique, a PVS replica has been used as a means to 
evaluate internal fit using Geomagic software.68 For this study, previous methods have 
been used and modified, then validated with SEM measurements. Geomagic 
measurements were taken for all three groups in the same standardized way prior to final 
crown cementation and SEM analysis.   
First, specimens were prepped for measuring by creating a silicone replica of the 
cement space on the abutment (Figure 27). A base was fabricated securing the AstraTech 
EV conical 4.2x11 implant into stone. The stone base included distinguishing marks that 
could later be used within the software as markers to overlay scans. Prior to securing the 
abutment, the area below the finishing line of the abutment was lightly air-abraded to 
reduce reflectivity and need for a coating spray on the base between scans. Next, the 
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abutment was secured to the base by tightening the abutment screw. The abutment surface 
above the finishing line was then coated with a light spray to reduce reflectivity, then 
scanned with the 3Shape D900 lab scanner. Once scanning was completed, the abutment 
and the abutment’s corresponding crown were both cleaned with alcohol then dried. The 
abutment was then coated with a very thin layer of PVS adhesive, then allowed to dry. 
Next, the crown was filled with light body PVS, then seated onto the secured abutment 
with firm finger pressure as the excess PVS was quickly removed. The crown-abutment 
unit was then placed under 5lbs of standardized pressure for ten minutes. Once setting was 
complete, the crown was quickly removed from the abutment, leaving the internal space 
PVS-replica firmly adhered to the abutment. The PVS-coated abutment was then scanned 
with the D900 lab scanner.    
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FIGURE 27: CREATION OF SILICONE REPLICA OF CEMENT GAP 
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 Both the initial abutment scan, and PVS-abutment scan were exported as .STL’s and 
imported into Geomagic software (Figure 28, Step 1). The bases were then virtually 
trimmed and matched, then highlighted for alignment. When overlaying the two scans, 
only the base and the emergence portion of the abutment were highlighted, as this was the 
matching area of both scans. The highlighted areas were first aligned manually through 
“N-Point Alignment” in which three or more locations were chosen on both scans then 
aligned accordingly. Following N-Point Alignment, the initial overlay was perfected using 
the “Best-Fit Alignment” function, checking “High Precision Fitting” and “Fine 
Adjustments Only” to further correctly align the two scans (Figure 28, Step 2). Once 
aligned, the alignment was assessed by evaluating a 3D analysis of the selected aligned 
area. An alignment was considered successful if the deviation between the two scans was 
a positive average of 6 microns or less, and an RMS estimate of 12 microns or less. These 
successful alignment values were determined based on a pilot study.  
 Once the scans were successfully aligned, the bases and anything below the finishing 
line on the abutments of both scans were deleted, leaving only the abutment and the 
abutment-PVS of corresponding scans remaining. The abutment-PVS unit was then 
converted to a point cloud to increase the number of data points utilized for measuring. 
The entire PVS portion was highlighted, then converted to a point cloud of 200,000 points 
(Figure 28, Step 3).  
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FIGURE 28: GEOMAGIC ALIGNMENT AND MEASURING PROTOCOL 
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 Two major measurements were taken with the Geomagic software. First, a 3D 
analysis was administered to assess the distance between the surface of the reference 
abutment to the point-cloud of the abut-PVS surface, thereby measuring the crowns’ 
cement space and internal fit (Figure 28, Step 3). For each specimen the average positive 
deviation of the internal fit was recorded. The deviation was averaged from nearly 197,000 
data points. Next, the margins were highlighted on the reference abutment and PVS-
abutment point cloud and a 3D analysis was completed to assess the marginal gap (Figure 
28, Step 3). Average positive deviation of the marginal gap was recorded. For each 
marginal gap measurement nearly 57,000 data points were used.  
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2.5 SEM Measurements 
 The use of Scanning Electron Microscopy (SEM) for the analysis of internal fit is 
common in the literature.33, 69, 70 Once scans were completed for Geomagic measurements, 
abutments and crowns were cleaned and dried. Abutment screw access holes were then 
filled with PVS and allowed to set. Abutments were then seated in a secure base, and their 
corresponding crowns cemented (Rely-X Luting Cement, 3M, St.Paul, Minnesota), using 
standardized pressure of 5lbs for ten minutes. After being allowed to set for twenty-four 
hours, specimens were embedded, then later sectioned along the long axis in a buccal-
lingual direction with a low speed, water-cooled diamond sectioning saw (Buehler Isomet 
Low-speed Saw; Lake Bluff, Illinois).   
 The sectioned units for all three groups were placed under an SEM microscope 
(JEOL 6010LA, JEOL Inc., Tokyo, Japan), and measurements were recorded. Twelve 
measurements were taken per specimen, two mid-axially both buccal (Figure 29, D) 
(Figure 30) and palatal (Figure 29, G), and two at the cusp height of contour both buccal 
(Figure 29, E) and palatal (Figure 29, F). Six measurements were taken at the margin, one 
at the buccal marginal opening (Figure 29, A), one at buccal mid-margin (Figure 29, B), 
one at the buccal margin-axial wall junction (Figure 29, C), one at the palatal margin-axial 
wall junction (Figure 29, H), one at the palatal mid-margin (Figure 29, I), and one at the 
palatal marginal opening (Figure 29, J).  
Overextended or horizontal marginal discrepancy was not measured for the 
purposes of this study. Mid-axial and cusp height of contour measurements (Figure 29 
D,E,F,G) of each specimen were used to compare with Geomagic measurements for 
	31	
validation purposes. Marginal gap was obtained by averaging all six measurements at the 
margin of each specimen (Figure 29 A,B,C,H,I,J). Average marginal gap measurements 
were then used for statistical analyses. Marginal opening was obtained by averaging the 
outermost marginal measurements (Figure 29 A,J). The marginal opening averages were 
then used for statistical analyses.   
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FIGURE 29: SECTIONED SPECIMEN WITH MEASUREMENT LOCATIONS. MEASUREMENTS TAKEN 
AT LOCATIONS A,B,C,H,I,J WERE AVERAGED TO FIND AVERAGE MARGINAL GAP. 
MEASUREMENTS TAKEN AT LOCATIONS A,J WERE AVERAGED TO FIND AVERAGE MARGINAL 
OPENING. 
FIGURE 30: SEM MID-BUCCAL (FIG 29,D) MEASUREMENT 
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2.6 Geomagic Validation 
 Due to the novel methodology of the Geomagic measuring protocol, a very thorough 
validation process took place. First, a 2D analysis was performed with the Geomagic 
software and was then used to compare to 2D SEM measurements. In order to accomplish 
this, a digital cross-section was made through the 3D aligned abutment/abutment-PVS unit 
at approximately the same location as the buccal-lingual section of the corresponding SEM 
specimen, resulting in a 2D cross-section (Figure 31,32). 2D Geomagic measurements 
were taken at the same locations as the 2D SEM sectioned specimens. Using samples from 
each group, a total of fifty measurements were recorded, twenty-five from 2D Geomagic 
and twenty-five of the same location of the same specimens from 2D SEM (Figure 32). 
The fifty measurements were then statistically compared.  
 In addition, for each SEM section, the six marginal measurements recorded per 
specimen were averaged to find average marginal gap. Then marginal gap averages of 3D 
Geomagic measurements were statistically compared with marginal gap averages found 
with 2D SEM measurements.  
 Last, to insure repeatability of the new Geomagic measuring technique, alignment 
and analysis was repeated on samples from each group, totaling eight different specimens. 
Results from first and second analyses were compared by statistical analysis.  
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FIGURE 31: GEOMAGIC CROSS-SECTION 
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FIGURE 32: GEOMAGIC CROSS-SECTION WITH MEASUREMENT ANNOTATIONS 
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2.7 Statistical Analysis 
Raw data was gathered from both Geomagic and SEM analyses. Statistical 
analyses were completed with SPSS software (SPSS 19.0, SPSS Inc., Chicago, IL) to 
assess the difference between the three groups. Kruskal-Wallis tests were administered 
and a p-value of less than 0.05 was used as a criterion for statistical significance. Following 
Kruskal-Wallis, post-hoc Mann-Whitney tests were administered with a Bonferroni 
correction of p<0.017, adjusting for multiple comparisons. The measurements evaluated 
were SEM mean marginal opening, SEM mean marginal gap, Geomagic mean marginal 
gap, and Geomagic mean internal fit. These measurements were used for group 
comparisons to identify groups with any statistically significant differences. 
Statistical analyses were used to evaluate validity and repeatability of the 
Geomagic measuring technique. In order to validate the Geomagic measuring technique, 
the marginal gap averages of SEM and marginal gap averages of Geomagic were 
statistically compared for each group with a paired t-test. In addition, a total of fifty 
measurements, twenty-five 2D SEM and twenty-five 2D Geomagic measurements were 
taken at the same location of specimens from all three groups and were statistically 
compared with a paired t-test. Geomagic repeatability was evaluated by repeating the 
alignment and marginal gap measurement of eight difference specimens and comparing 
the first and second measurements using the paired t-test.  
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3. RESULTS
The results of Kruskal-Wallis and post-hoc Mann-Whitney test for SEM marginal 
opening indicated Group’s 1 and 2 Atlantis workflows are significantly smaller than 
Group 3 Full Digital Splitfile Workflow (Table 1, Figure 33).  
Table 1: Mean 2D SEM Marginal Opening of 3 Experimental Groups 
Experimental Groups N 
Mean 2D SEM 
Marginal Gap in 
microns (SD) 
Group 
Comparisons* 
(p-value) 
Maximum/ Minimum/ Median 
in microns 
Group 1 Interrupted Digital 
Atlantis 7 13.84 (9.57) Group 3 (0.002) 30.65 / 11.52 / 17.71 
Group 2 Full Digital Atlantis 7 11.18 (3.65) Group 3 (0.002) 15.29 / 10.01 / 11.98 
Group 3 Full Digital Split-File 7 37.60 (14.02) Group 1 (0.002) Group 2 (0.002) 58.91 / 35.32 / 47.84 
*Group with which experimental group was found to be significantly different from
FIGURE 33: 2D SEM MEAN MARGINAL OPENING COMPARISON OF 3 GROUPS 
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 The results of Kruskal-Wallis and post-hoc Mann-Whitney tests for both SEM and 
Geomagic marginal gap averages both indicated that the mean marginal gap for Group 2 
Full Digital Atlantis Workflow is significantly smaller than the average marginal gaps of 
the other two groups (Table 2 & 3, Figure 34).  
 
Table 2: Mean 2D SEM Marginal Gap of 3 Experimental Groups 
Experimental Groups N 
Mean 2D SEM 
Marginal Gap in 
microns (SD) 
Group 
Comparisons* 
(p-value) 
Maximum/ Minimum/ Median 
in microns 
Group 1 Interrupted 
Digital Atlantis 7 48.73 (10.29) Group 2 (0.002) 63.68 / 36.46 / 45.72 
Group 2 Full Digital 
Atlantis 7 22.93 (5.36) 
Group 1 (0.002) 
Group 3 (0.002) 28.65 / 14.14 / 25.14 
Group 3 Full Digital 
Split-File 7 38.20 (5.67) Group 2 (0.002) 47.64 / 31.95 / 37.13 
*Group with which experimental group was found to be significantly different from   
 
 
Table 3: Mean 3D Geomagic Marginal Gap of 3 Experimental Groups 
Experimental Groups N 
Mean 3D 
Geomagic 
Marginal Gap in 
microns (SD) 
Group 
Comparisons* 
(p-value) 
Maximum/ Minimum/ Median 
in microns 
Group 1 Interrupted 
Digital Atlantis 6 41.96 (13.34) Group 2 (0.004) 58.65 / 23.29 / 41.02 
Group 2 Full Digital 
Atlantis 6 14.97 (3.25) 
Group 1 (0.004) 
Group 3 (0.006) 17.67 / 10.11 / 16.34 
Group 3 Full Digital 
Split-File 5 36.80 (8.39) Group 2 (0.006) 44.18 / 24.29 / 38.93 
*Group with which experimental group was found to be significantly different from   
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The results of Kruskal-Wallis and post-hoc Mann-Whitney test for Geomagic 
overall internal fit indicated that mean internal fit for Group 3 Full Digital Split-File group 
was significantly smaller than the other two groups (Table 4, Figure 35).  
FIGURE 34: 2D SEM MEAN MARGINAL GAP VS 3D GEOMAGIC MEAN 
MARGINAL GAP COMPARISON OF 3 GROUPS 
FIGURE 35: 3D GEOMAGIC MEAN INTERNAL FIT 
COMPARISON OF 3 GROUPS 
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Table 4: Mean 3D Geomagic Internal Fit of 3 Experimental Groups 
Experimental Groups N 
Mean 3D 
Geomagic Internal 
Fit in microns 
(SD) 
Group 
Comparisons* 
(p-value) 
Maximum/ Minimum/ Median 
in microns 
Group 1 Interrupted 
Digital Atlantis 6 80.33 (13.76) Group 3 (0.006) 102.80 / 68.44 / 74.66 
Group 2 Full Digital 
Atlantis 6 74.98 (1.32) Group 3 (0.006) 76.65 / 73.19 / 74.61 
Group 3 Full Digital 
Split-File 5 59.05 (6.59) 
Group 1 (0.006) 
Group 2 (0.006) 65.15 / 48.44 / 61.78 
*Group with which experimental group was found to be significantly different from
Geomagic was validated by two statistical analyses. The results of the paired t-test 
completed for twenty-five 2D SEM and twenty-five 2D Geomagic sections taken at the 
same location of specimens from all three groups indicated no statistical difference 
amongst measurements for all three groups (Figure 36). Results of the paired t-test used 
to compare SEM mean marginal gap and Geomagic mean marginal gap indicated no 
statistically significant differences in measuring techniques (Table 5).  
FIGURE 36: 2D GEOMAGIC (GM) POINT 
MEASUREMENT VS 2D SEM POINT MEASUREMENT 
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Table 5: Paired t-test p-values for Comparison of 2D SEM Mean Marginal Gap 
Compared to 3D Geomagic Mean Marginal Gap 
Geomagic repeatability was evaluated by comparing repeated marginal gap 
measurements taken from the same specimens. The results of the paired t-test that 
compared first and second 3D Geomagic marginal gap measurements of eight different 
specimens indicated no statistical difference between measurements for all eight 
specimens (Figure 37). 
Experimental Groups N p-value* 
Group 1 Interrupted Digital Atlantis 6 0.221 
Group 2 Full Digital Atlantis 6 0.066 
Group 3 Full Digital Split-File 5 0.981 
*All three groups showed no significant statistical difference from one
another (statistical significance = p<0.05) 
FIGURE 37: FIRST GEOMAGIC MEASUREMENT (RUN_1) VS 
SECOND GEOMAGIC MEASUREMENT (RUN_2) FOR GEOMAGIC 
REPEATABILITY COMPARISON 
	42	
4. DISCUSSION 
 Results from this study indicate that all three workflows are clinically acceptable, as 
the average marginal gap assessed in each of the workflows is well below the clinically 
acceptable marginal opening of 120 microns used for this study. Therefore, regardless of 
statistical significance between groups, all three groups are well within the realm of 
clinical acceptability.  
 The accuracy of full digital workflows with digital design and milling of both a 
crown and custom abutment from a single .STL has only been studied once in the 
literature.33 No previous studies in the literature have assessed internal fit and marginal 
gap of the two Atlantis digital workflows in this study. Therefore, this study provided 
information regarding accuracy in terms of marginal and internal fit, which can be used to 
determine clinical acceptability.  
 Digital dentistry has rapidly grown over the past several years. Although certain 
aspects of this new enterprise can certainly be used to ease some of the burdens clinicians 
and labs face, it can also be extremely complex and frustrating. Complications or 
confusion often arise due to the proprietary nature of different companies, in addition to 
closed architectures, or lack of proper integration of open architectures. In addition, open 
architecture software and their algorithms’ significantly vary, and can therefore create 
questions regarding accuracy when combining them to create different workflows. The 
purpose of this study was to begin the very arduous task of verifying the accuracy of some 
of these workflows.   
 Although all clinically acceptable, comparison of marginal opening as measured 
	43	
from SEM measurements revealed the two Atlantis workflows had significantly smaller 
marginal openings as compared to the Split-File Workflow. Statistical comparison of 
mean marginal gap for both SEM and Geomagic measurements between the three groups 
revealed the Full Digital Atlantis Workflow had a significantly smaller marginal gap than 
the other two groups. Smaller marginal opening and marginal gap decrease the likelihood 
of cement layer dissolution, gingival inflammation and other complications.36-41  
 An interesting finding of the study was the very small measurement deviations 
recorded for Full Digital Atlantis Workflow when compared to the other groups for all 
four comparisons (Tables 1-4, Figures 33-35). This smaller deviation suggests a greater 
degree of precision as compared to the other workflows. The standard deviation was 
greatest for Interrupted Digital Atlantis Workflow for three out of the four comparisons 
(Tables 2-4, Figures 34-35). It is possible that this increased variation may be due to the 
intermediate step and the potential inaccuracy it creates. In order to re-scan a titanium 
abutment, it must be coated with a spray to reduce reflectivity of the abutment in the 
scanner. The required use of spray to reduce reflectivity for most dental scanners is 
something to consider when utilizing the interrupted workflow. Coating sprays vary in 
application and thickness and therefore have the potential to alter the shape or thickness 
of the unit being scanned.      
 The Split-File Workflow showed the smallest internal fit compared to Atlantis 
groups (Table 4). Upon evaluation of the internal fit, this could potentially be due to the 
decreased occlusal cement space by-way of design of the Split-File group compared to the 
two Atlantis groups. The same experienced lab technician was used to design all crowns 
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for the Interrupted Atlantis and Full Digital Atlantis Workflows. A different experienced 
technician was used to design abutment and crown from the Split-File Workflow. Slight 
differences in settings or design could account for the variation in internal fit amongst the 
groups. In addition, the Atlantis abutment design included sharper line angles along the 
cusp heights of contour. The split-file abutment design could not be designed exactly the 
same as the Atlantis abutment due to required height of the titanium base, therefore the 
transition from the cusp height of contour to the mid-occlusal surface was less steep. The 
drill compensation offset and drill radius settings and milling could account for the larger 
occlusal cement space of the Atlantis groups compared to the split-file group. 
 The study by Sheridan et al33 is the only previous study to assess the split-file 
Workflow. For the full digital split-file workflow, Sheridan found, after adjustments, the 
mean marginal gap to be 69µm. This previous study assessed the split-file workflows 
against more traditional interrupted workflows, similar to the current study. Although the 
mean marginal gap of 69µm was within the realm of clinical acceptability, it was the 
largest marginal gap of all workflows within the study. The current study found a smaller 
mean marginal opening and mean marginal gap ranging from 36-38 µm. In addition, the 
previous study required several adjustments to the crowns in order to fully seat the crowns 
on the abutments. The current study required no adjustments for crown seating. This could 
potentially be due to the differences in materials used, differences in milling units, or the 
differences in cement space settings or drill compensation offset entered into the design 
software. Regardless, both the previous and current studies found mean marginal gaps 
clinically acceptable. 
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 The results of this study have significant clinical relevance and applicability. These 
clinically acceptable results indicate that the full digital workflows utilized in this study 
can be used with reliability in practice, reducing number of appointments, time, and cost. 
However, the Atlantis interrupted digital workflow is also clinically acceptable, allowing 
clinicians to choose which workflow is the best fit for the clinical situation.  
 One major advantage of this study was the use of Geomagic and its’ capabilities, 
allowing for visualization and measurement at virtually any position. Geomagic enabled 
3D measurements of the entire internal fit, the marginal gap, and 2D sections for each 
specimen (Figure 38). Groten et al46 determined that a minimum of fifty measurements 
are required to determine marginal gap. The Geomagic measurement protocol used within 
this study resulted in an averaged 197,000 points of measurement for internal fit of each 
sample and averaged 57,000 points of measurement around the marginal gap. With other 
forms of non-digital measurement, it would be impossible to collect this many data points. 
In addition, its’ nondestructive nature allows further use and evaluation of the crowns and 
abutments.  
 As previously stated, the Geomagic measuring technique in this study was validated 
in several ways comparing 2D measurements acquired by SEM with 2D and 3D Geomagic 
measureements. A total of fifty measurements, twenty-five 2D SEM and twenty-five 2D 
Geomagic measurements, were statistically compared with a pared t-test and the 
differences of all twenty-five pairs of measurements compared were found to not be 
significantly different. In addition, averaged marginal gaps were statistically compared 
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FIGURE 38: GEOMAGIC 3D & 2D ANALYSIS OF EACH GROUP 
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between the two measuring techniques and had no statistical difference. To demonstrate 
repeatability, alignment and marginal gap averages were repeated on the same specimen 
with eight different specimens and results between the first and second measurements 
were compared with paired t-test. No statistically significant difference was found 
between any of the eight duplicate measurements, illustrating reliable repeatability. 
A possible limitation or source of error for the study includes the use of spray to 
reduce reflectivity prior to scanning the titanium abutments. Another limitation may be 
scan alignment error associated with the Geomagic measuring technique. Alignment error, 
or deviation, had a positive average of 6 microns or less and RMS estimate of 12 microns 
or less for each specimen analyzed. These values were determined from a pilot study as 
the maximum allowable alignment deviation values while still arriving at accurate data.  
In order to minimize error due to software alignment, any aligned specimens with a 
positive deviation of more than 6 microns or RMS estimate of greater than 12 microns 
were re-aligned until a smaller deviation was obtained, or the specimen was eliminated 
from the data. In addition to Geomagic alignment error, there was also the potential for 
error from the lab scanner. The D900 has a precision of 8 microns.  
Another limitation of the study could be the possibility of the PVS slightly lifting 
away from the abutment surface, which may be imperceptible to the eye but could slightly 
alter final measurements. Also, the number of samples per group in this study were 
relatively small. Not all specimens used for SEM analysis were available for Geomagic 
analysis. One specimen from each group was sent for SEM sectioning prior to the protocol 
for the Geomagic measuring technique was developed. In addition, one specimen from the 
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Split-File workflow failed an accurate alignment, therefore results were not included in 
the final Geomagic measurements. Regardless, results still indicated a statistical difference 
for both the SEM and Geomagic analyses, and clinically acceptable results for all three 
workflows. It is unlikely the lack of 3D measurements obtained created any difference in 
the overall outcomes of the study.  
Further studies are recommended to continue evaluating the wide array of digital 
workflows now available.       
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5. CONCLUSIONS 
Within the limitations of this in vitro study the following conclusions can be drawn:  
1. All three workflows evaluated in this study show clinically acceptable results in 
terms of mean marginal gap below 120 microns.  
2. SEM evaluation of mean marginal opening revealed Interrupted Digital Atlantis 
Workflow and Full Digital Atlantis Workflow mean marginal openings were 
statistically smaller when compared to the Full Digital Split-File Workflow. 
3. SEM and Geomagic measurements revealed Full Digital Atlantis Workflow 
mean marginal gap was significantly smaller when compared to Interrupted 
Digital Atlantis Workflow and Full Digital Split-file Workflow.  
4. Geomagic evaluation of mean internal fit revealed Full Digital Split-File 
Workflow was significantly smaller when compared to Interrupted Digital 
Atlantis Workflow and Full Digital Atlantis Workflow.  
5. The use of Geomagic to measure and evaluate mean marginal gap and mean 
internal fit as defined within this study proved to be an acceptable form of 
measurement per it’s statistical validation herein. 
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